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Abstract

Laser wakefield acceleration (LWFA) of electrons holds great promise for producing ultra-
compact stages of GeV scale, high quality electron beams for applications such as x-ray free electron
lasers and high energy colliders [1, 2]. Ultra-high intensity laser pulses can be self-guided by rela-
tivistic plasma waves (the wake) over tens of vacuum diffraction lengths [3], to give >1 GeV energy
in cm-scale low density plasma using state-of-the-art lasers [4]. Ionization-induced injection is an
effective mechanism for injecting charge into plasma accelerators even at low densities [5-7]. Here
we show that by restricting ionization-induced injection to a distinct region, the injector stage,
energetic electron beams (of order 100 MeV) with a relatively large energy spread are generated.
Some of these electrons are then further accelerated by a second, longer accelerator stage which

increases their energy to ~0.5 GeV while reducing the relative energy spread to <5% FWHM.



State-of-the-art conventional rf linear accelerators currently produce electron beams with
up to 50 GeV energies[8]. Future proposed x-ray free electron lasers (such as the European
XFEL) hope to produce 20 GeV electron beams which, when passed through an undula-
tor, will provide extremely bright x-ray sources. Facilities of this scale require substantial
lengths (several kilometers) to achieve high electron energies due to limits on the maximum
accelerating gradient imposed by cavity damage threshold considerations (<100 MeV /m).
Alternatively, laser wakefield accelerators can support gradients exceeding 100 GeV/m [1],
reducing the required length to produce high energy beams to just meters. Current laser
technology limits the length of these devices to just a few cm, and therefore the energy to
a few GeV. Coupling of multiple independent high energy gain stages could provide a path

forward for achieving future compact, high energy particle sources.

Recent experiments have demonstrated self-guiding of ultra-short laser pulses in the
blowout regime of LWFA, where extremely non-linear wakefields are produced in under-
dense plasmas [9-16]. In this regime the rising edge of the laser pulse tunnel ionizes the
target gas and the ponderomotive force of the laser expels electrons radially outward to a
distance R ~ 2,/agc/w, [4] determined by balancing the transverse ponderomotive force with
the restoring space charge force of the stationary ions. Here ag = eA/mc? is the normalized
vector potential of the laser and w, = \/W is the electron plasma frequency. The
result is the production of an electron plasma wave (the wake) which propagates behind the

laser pulse with a phase velocity v4 nearly equal to the group velocity v, of the laser.

When the laser pulse length approaches ct~R a nearly spherically shaped wake is formed
which exhibits near-complete electron cavitation. The trajectories of the blown-out electrons
form a sheath around the ions [17], and the longitudinal electric field structure near the axis
of the wake is ideal for accelerating a high quality electron beam [18]. Some of the blown
out plasma electrons cross the sheath and gain a sufficient longitudinal velocity (v = vy) to
be trapped by the wake potential (self-injection) and accelerated by the longitudinal electric
field of the wake (on the order of 100 GeV /m for electron densities of ~10'® cm™3[4]). These
electrons, travelling at nearly ¢, move forward in the wake and eventually cross the mid-plane
where the sign of the electric field reverses and thus begins to decelerate these electrons.
The distance over which electrons remain in the accelerating portion of the wake is known
as the dephasing length Lgepn > 2/3(w3 4, /ws) R, which increases with decreasing electron

density [4] since v, is higher at lower densities. The energy gain scales linearly with the
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~3 are needed to achieve electron energy

dephasing length, and densities below 2x10'® cm
gains above 1 GeV.

At low electron densities, it becomes difficult to self-trap electrons in the wake using fully-
ionized low-Z gases (He, Hy) [9, 15, 19-22]. Ionization-induced injection [6] is enabled by
adding a small concentration of high-Z dopant gas with a large step in ionization potential
for the two K-shell electrons to the low-Z background gas. This injection mechanism has
been shown to trap electrons at densities approaching 1x10'® cm™3, and has allowed for
~1.5 GeV energy gain in cm-scale plasmas [10]. The inherent drawback to both self- and
ionization-induced injection is that charge is continuously injected into the wake, leading to
a large energy spread in the accelerated beam. In this letter we report that by staging the
injection and acceleration processes a 460 MeV electron beam with <5% energy spread is
produced.

The experiments described in this letter are performed with an 8 mm long, two-stage
gas cell, shown schematically in Figure 1. The cell is comprised of a 3 mm injector stage
immediately adjacent to a 5 mm acceleration stage. To inject electrons into the wake,
the injector stage is filled with a mixture of 99.5% He and 0.5% N, gas. The subsequent
accelerator stage is independently filled with pure He, and the stages are separated by a
1 mm diameter aperture. Due to the additional electrons from the fully-ionized nitrogen
atoms in the injector, the neutral gas pressure in the accelerator must be slightly higher than
in the injector in order to balance the electron density between the two stages. This results
in a small upstream flow which helps to confine the nitrogen to the injector, as illustrated
by the plasma emission lines in Figure 1 showing that the nitrogen lines are not present in
the accelerator stage.

These studies are performed at the Jupiter Laser Facility, Lawrence Livermore National
Laboratory, using the Callisto laser system. The laser beam, which delivers up to 250 TW
of power in a 60 fs laser pulse, is focused with an f/8 off-axis parabolic mirror to a 15 ym
FWHM spot (containing 30% of the laser power) 750 um inside the gas cell. The peak
normalized vector potential of the focused laser beam for coupled powers of 30-60 TW is
2-2.8, while the ionization thresholds to produce N and N7 (i.e. to liberate the K-shell
electrons) are 1.8 and 2.3, respectively. Therefore K-shell electrons from the dopant nitrogen
gas in the injector stage will be continuously ionized near the peak of the laser pulse and thus

near the zero-crossing of the longitudinal electric field. This injection phase is near-optimum



for trapping because these electrons can now experience the entire potential difference within
the wake [6].

A Mach-Zehnder interferometer allows the electron density to be measured along the gas
cell. While injector-only data was taken for densities as low as 2x10'® cm™ the closest
matching of densities in both the injector and accelerator stages was achieved for a density
of 3x10'® cm™3. A typical interferogram is shown in Figure 1, along with the corresponding
Abel-inverted density profile. The spectrum of the accelerated electrons is measured by a
spectrometer consisting of a 0.42 T dipole magnet and two image plates (only the first plate
is shown in Figure 1) [8, 23].

Figure 2a shows electron beams produced in a 4 mm injector-only gas cell and in the 8
mm two stage gas cell. The corresponding spectra for these beams are shown in Figure 2b.
A 460425 MeV electron beam containing ~35 pC of charge is produced in the two-stage
cell when the electron density in both stages is matched at 340.15x10'® cm= for a laser
power of 40 TW. The estimated dephasing length for this density is 4.3 mm, which is nearly
matched to the length of the 5 mm accelerator stage. The injector-only data corresponds to
an electron density of 3.440.2x10*® cm™ and a laser power of 50 TW. Both spectra exhibit
a nominal FWHM energy of 50 MeV, but the energy spread AE/E is reduced from 46% in
the injector-only case to just 11% from the two-stage cell. When the transverse beam size
is deconvolved from AE in quadrature, the energy spreads are inferred to be 42% and 4.9%,
respectively. As shown in Figure 2c, for electron densities below 4x 10 ¢cm™ (at coupled
laser powers < 60 TW), no self-injected electrons are observed in pure He plasma. This,
along with the absence of nitrogen lines in the accelerator stage (Figure 1), indicates that
the observed electrons are from the nitrogen dopant gas in the injector stage.

Figure 3 shows the transmitted laser beam characteristics for the 4 mm injector-only cell
and the 8 mm two-stage gas cell. The exit plane of the gas cell is relay imaged into two
transmitted beam diagnostics. The first is a 14 bit CCD camera which measures the laser
spot size at the exit of the cell. As shown in Figures 3 (a) and (b) the transmitted laser
beam is much smaller than the vacuum beam size at the same plane indicating that the laser
is self-guided by the plasma. The second optical diagnostic measures the spectral content
of the transmitted light. Figures 3 (c), (d) show the spectrum after the light is dispersed
by a prism and focused onto an 8 bit, infrared (IR)-sensitive camera. The transmitted laser

spectrum from the injector-only cell shows the expected blue- and red-shifts arising from
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FIG. 1. Schematic of the experiment setup showing the 800 nm Callisto laser beam (in red),
the two-stage gas cell, the 800 nm probe beam (in blue), a typical interferogram with the Abel
inverted density profile of the interferogram (above the interferometer Charge-Coupled Device
(CCD) camera), plasma emission images (shown inside the gas cell windows) with the integrated
plasma emission spectrum transverse to the laser pulse from each stage of the gas cell, the vacuum
laser axis after the gas cell (red dashed line), the dipole magnet (20 cm long, centered 66 cm from
the exit of the gas cell), the deflected electron trajectory (green dashed line) onto the first image
plate (located 132 c¢cm from the exit of the gas cell), and the transmitted light optical path (in
grey) to the forward diagnostic cameras. The Callisto laser beam is focused by an f/8 off-axis
parabola 750 pm past the 500 pm diameter entrance aperture of the 3 mm-long injector stage of
the gas cell. The injector and accelerator stages are separated by a 1 mm diameter aperture, and
the exit aperture of the accelerator stage is 2 mm diameter (the apertures are not shown). The
plasma emission along the laser propagation axis is 1:1 imaged onto the 50 pm entrance slit of a
1/3-m spectrometer coupled to a 16-bit CCD camera; the spectral resolution is 2.5 angstroms. The

second image plate (not shown) is 192 cm from the gas cell exit.
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FIG. 2. a) Magnetically dispersed electron beam images from a 4 mm injector only gas cell (top)
and the 8 mm two-stage cell (bottom). b) Electron spectra above 70 MeV for: the 8 mm two-stage
injector-accelerator cell (dotted blue curve) filled to an electron density of 3x10'® em™3 in each
stage for a coupled laser power of 40 TW; the 4 mm injector-only cell (solid red curve) filled to an

0'® cm™3 for a coupled laser power of 50 TW. The injector gas fill in each

electron density of 3.4x1
case is 99.5% He and 0.5% No, and the FWHM energy spread and total charge are indicated for
each spectrum. c¢) The total observed charge above 70 MeV for injector gas fills of pure He (red
squares) and 99.5% He with 0.5% Ny (blue circles) for coupled laser powers between 30-60 TW.

The open symbols indicate experiments where only background signal is observed.

photon acceleration /ionization [24] and deceleration/local pump depletion [25], respectively,
experienced by portions of the incident laser pulse as it produces the plasma and excites
the wake within the injector stage. The spectral fringes are induced by the 5 um pellicle
beamsplitter. A mask placed in front of the IR camera attenuates the spectrum from 750-
850 nm, mainly to block the vacuum laser spectrum which is ~20 nm wide and is centered
at 800 nm. In the two-stage case the spectral field of view has been shifted to look for an
expected increase in the extent of the red-shift (the mask is also shifted to allow a portion
of the 800 nm light to reach the detector and provide a fiducial). Indeed, the extent of the
red-shifting is observed to increase substantially, indicating that, in addition to the laser
pulse continuing to self-guide across the interface between the two stages, the wake is also

driven over the extended distance.

In conclusion, a cm-scale, two-stage injector-accelerator LWFA is shown to generate ~0.5
GeV electron beams with <5% energy spread containing 35 pC of charge using the ionization-

induced injection mechanism. Extending the present work to densities approaching 1x10'8
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FIG. 3. a,b) The laser spot at the exit of the 4 mm injector stage and the 8 mm two-stage gas
cell, respectively. The vacuum laser spot size at the exit of the cell is noted for each case. In both
cases the transmitted laser spot is significantly smaller than the vacuum spot size at the same
plane, indicating that the laser pulse is self-guided. c,d) The transmitted laser spectrum from the
injector only and the two-stage cell, respectively. For each spectrum the recorded false-color image
is shown. The increased extent of the red-shifting in the longer cell implies that the wake was
driven over a greater distance (i.e. the accelerator), consistent with the laser pulse being guided
over the entire length of the two-stage gas cell.

cm~3 could provide a compact platform for producing high quality, multi-GeV electron
beams with present-day lasers. Future experiments involving multiple high power laser
pulses and staging of successive accelerator sections could then provide a path forward for
meter-scale accelerators capable of producing >100 GeV beams for high energy particle

physics studies or as seeds for x-ray sources.
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